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Although disk accretion onto compact objects - white dwarfs, neutron stars, and black holes 
- is central to much of high energy astrophysics, the mechanisms which enable this process 
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have remained observationally elusive. Accretion disks must transfer angular momentum for 
matter to travel radially inward onto the compact object 1 . Internal viscosity from magnetic 
processes 1 2 3 4 and disk winds 5 can in principle both transfer angular momentum, but hith- 
erto we lacked evidence that either occurs. Here we report that an X-ray-absorbing wind 
discovered in an observation of the stellar-mass black hole binary GRO J1655 — 40 6 must 
be powered by a magnetic process that can also drive accretion through the disk. Detailed 
spectral analysis and modeling of the wind shows that it can only be powered by pressure 
generated by magnetic viscosity internal to the disk or magnetocentrifugal forces. This re- 
sult demonstrates that disk accretion onto black holes is a fundamentally magnetic process. 



To study the nature of disk accretion onto black holes, we observed the transient source 
GRO J1655-40 with the Chandra X-ray Observatory for 63.5 ksec starting on 1 April 2005 at 
12:41:44 (TT), during an X-ray bright phase of its 2005 outburst. GRO J1655-40 is a binary 
system at a distance of 3.2 kpc that harbors a black hole with a mass of 7.0 M , which accretes 
from an F3 IV - F6 IV star with a mass of 2.3 M in a 2.6-day orbit 6 . The inner disk is viewed at 
an inclination of 67-85° (nearly edge-on) 6 ' 7 . Using Chandra, we obtained a robust high resolution 
X-ray spectrum of GRO J 1655— 40 in the soft X-ray band (see Figure 1). 

It is common to decompose the broad-band spectra of stellar-mass black holes into disk 
blackbody and power-law components. Assuming the standard equivalent neutral hydrogen absorption 
along the line of sight to GRO J1655— 40 (N H = 7.4 x 10 21 atoms cm -2 ), this spectral model gives 
a disk temperature of kT = 1.34(1) keV and a photon power-law index of T = 3.54(1) in the 1 .2- 
19 A range, and a total flux of 4.70(5) x 10~ 8 erg cm -2 s" 1 (unabsorbed). This flux implies a 
luminosity of L = 3.3 x 10 37 erg s' 1 for d = 3.2 kpc, or 4% of the Eddington limit for a 7 M 
black hole. The disk contributes 65% of the unabsorbed flux. 

The HETGS spectra of GRO J1655— 40 contain 90 absorption lines significant at the 5a level 
of confidence or higher. We can confidently identify 76 of these lines with resonance lines expected 
from over 32 charge states. The properties of these lines were measured with simple Gaussian line 
functions and local continuum models. Line centroid wavelengths and oscillator strengths were 
taken from a set of standard references 1112 ' 13 . Two findings demand that the absorption arises in 
a disk-driven wind. First, the lines show blue-shifts in the 300-1600 km s" 1 range, indicating a 
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flow into our line of sight (see Figure 1, Figure 2, and the Supplementary Information). Second, the 
spectra contain no strong emission lines; this fact signals that the absorbing gas is mostly equatorial 
along the plane of the disk. 

To better understand the nature of the wind, we constructed a number of photoionized plasma 
models based on the methodology and atomic physics packages described in a prior work 14,8 . 
(The models used in this work differ only in that new dielectronic recombination rates for Fe 
and Ni were used to more accurately describe L-shell ions 15 .) These models describe a gas in 
photoionization equilibrium, with heating by photoionization and Compton scattering and cooling 
by line and continuum emission and Compton scattering. The predicted ionization state of the 
gas is combined with a curve of growth 16 for a chosen velocity width to determine line equivalent 
widths using Voigt profiles. The code accounts for line blends self-consistently. A standard set 
of elemental abundances are used in the code 17 . The illuminating spectrum is taken to be the 
composite thermal and non-thermal continuum spectrum described briefly above. 

The observed spectrum is consistent with absorption in a constant-density slab with a thick- 
ness of approximately 2.5 x 10 8 cm and a number density of n = 5.6 x 10 15 atoms cm -3 at a 
mean distance of 4.8 x 10 s cm from the black hole. This translates to approximately 200 Rschw. 
(where Rschw. = 2GM/c 2 ); the component of the wind velocity in our line of sight is much 
slower than the local virial velocity. The temperature of the gas is 0.2-1.0xl0 6 K. An intrin- 
sic FWHM of 300 km s _1 matches the observed lines which are not saturated (see Figure 2 and 
the Supplementary Information). An important feature of this wind is that it is highly ionized: 
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log(£) = \og(L x /nr 2 ) = 4.2-4.7 (where £ is the ionization parameter, L x is X-ray luminosity, n 
is density, and r is the radius from the ionizing source). 

The data permit strong independent constraints on the geometry and extent of the wind ab- 
sorption. An inner radial extent of 10 7 5 cm is set by the density at which Fe XXIII lines are 
produced. At smaller radii, the ionization parameter requires a density so large that the metastable 
2s2p 3 P level of Fe XXIII would be populated, producing lines that are not observed. An outer 
radial extent of 10 9 5 cm is set by dilution and line ratios. At larger radii, the thickness of the ab- 
sorbing gas becomes large compared to the distance, so 1/r 2 dilution of the radiation field makes it 
impossible to get enough total column at high enough ionization parameter. A lower limit of 6° on 
the height of the gas above the disk midplane comes from the fact the line of sight must pass over 
the outer edge of the disk 18 . An upper limit on the vertical extent comes from the lack of emission 
features. A Monte Carlo simulation for a cascade resulting from absorption in the 2s-4p line of Fe 
XXIV predicts a 2p-3s emission line with equivalent width 0.65 x 28f2/47r = 18f2/47r mA (where 
H is the solid angle covering factor). An upper limit of a 2mA to such a feature implies an upper 
limit of about 12° to the vertical extent of the absorbing gas. 

The properties of thermally-driven winds have been studied, especially within the context of 
outer accretion disks being illuminated by a central X-ray source 19 . In such cases, it is possible to 
define a critical radius Rc = (1.0 x 10 10 ) x (M B h /M & ) / (T C s) cm, and a wind may occur for any 
R/ Rc > 0.1 (where T C g is the gas temperature in units of 10 8 K). Based on temperatures derived 
from our photoionization models, the smallest possible value of Rc for the wind observed in 
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GRO J1655— 40 is 7 x 10 12 cm. Thus, the minimum radius at which a disk wind can be thermally 
driven is approximately two orders of magnitude greater than is plausible in GRO J 1655— 40. 
Similar results are obtained when our results are compared to new models for the winds in AGN 
such as NGC 3783 20 . 

The wind observed is too highly ionized to be driven by radiation pressure. The overwhelm- 
ing majority of absorption lines observed are from He-like and H-like species, which means that 
there is little UV opacity in the wind by which momentum may be transferred. At ionization pa- 
rameters of £ > 10 3 , models for line-driven winds in AGN indicate that UV emission lines provide 
no additional driving force 21 . Moreover, our photoionization code measures radiation pressure as 
the momentum of the photons absorbed, which is comparable to the electron scattering radiation 
pressure, and even together these effects fall far short of producing the observed momentum flux 
in the wind. 

Given that thermal and radiative driving fail by orders of magnitude, magnetic driving of the 
wind in GRO J1655— 40 is the only plausible mechanism remaining. Our model implies a mass 
loss rate in the wind of m w = 3.5 x 10 17 g/s or approximately 0.5 g/cm 2 /s. For a typical blue-shift 
of 500 km/s, this translates into a kinetic energy flux of 6.3 x 10 14 erg/cm 2 /s. An angle of 9° 
above the disk midplane at radius of 4.8 x 10 8 cm from the black hole corresponds to a height of 
Z = 0.15r; an energy flux of 2.0 x 10 16 erg/cm 2 /s is required to lift the gas to that height. The 
luminosity of the central engine as derived from fits to the continuum implies a mass accretion rate 
of fn a = 3.7 x 10 17 g/s for an accretion efficiency of 10%. The viscous energy flux dissipated 
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is given by 3GM bh m a /4irr 3 = 2.3 x 10 18 erg/cm 2 /s. Recent simulations show that the magneto- 
rotational instability 2 ' 3 4 can not only drive turbulence, viscosity, and accretion through a disk, but 
can transmit 25% of the magnetic energy flux vertically out of the disk 22 and drive a wind. In the 
case of GRO J1655— 40, 25% of the viscous energy flux is comparable to the flux required to drive 
the wind to infinity. The wind outflow velocity and mass outflow rate are remarkably similar to 
predictions resulting from from simulations of magnetically-driven winds from MRI disks 24 . 

It is also possible that the wind is driven by magnetocentrifugal forces 5 . The absorption spec- 
trum contains no information about velocities tangential to our line of sight. Theoretical models 
show that largely equatorial winds can arise via magnetocentrifugal driving when the magnetic 
field vector makes a small angle to the disk plane 23 ; however, recent simulations suggest that it 
is difficult to maintain the poloidal magnetic field required in a wind with a large mass outflow 24 . 
Given that the wind arises in a disk which is almost certainly Keplerian, however, magnetocentrifu- 
gal driving cannot be discounted. The winds in some young stars (FU Orionis class) are driven 
by magnetocentrifugal forces 25 . Tapping into the rotational velocity of the disk would help to ex- 
pel the wind to infinity. Although internal magnetic viscosity and magnetic winds are sometimes 
posited as complete and separate processes, the most physically realistic scenario may be one in 
which both processes act to drive disk accretion and outflows. 

Winds are commonly observed in accreting compact objects; however, GRO J 1655— 40 is 
the first case wherein it is clear that the wind must be launched from the disk (not the companion 
star) and must be driven primarily by magnetic processes (not thermal and radiative pressure). 
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An X-ray wind with some similarities to those in AGN was detected in the accreting neutron star 
binary Circinus X-l 26 ; however, in Circinus X-l contributions from a massive companion star 
cannot be ruled out, and the wind can be driven by thermal and radiation pressure 26 . A wind 
more certainly tied to the disk was detected in the black hole binary GX 339—4, but too few lines 
were detected to constrain the driving mechanism 8 . Though radiative driving may be important in 
most white dwarf systems, there is at least one system where it may be inadequate 27 . Similarly, 
theoretical considerations suggest that magnetocentrifugal forces are important in AGN winds 28 ' 29 , 
but present data do not yet require or rule out these effects. Our results therefore represent a rare 
and crucial insight into the nature of the processes which drive disk accretion in black holes. 
Magnetic pressure supplied by the disk provides a natural means of driving the highly ionized 
winds observed in many accreting stellar-mas black holes and neutron stars, and may play a role 
in driving the hottest winds observed in AGN. Indeed, winds and jets are ubiquitous features in 
accretion-powered astrophysics, and the role of magnetic processes revealed in GRO J 1655— 40 
gives a broad observational insight into the physical coupling between inflows and outflows in 
accreting compact objects. 
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Figure 1. The slice of the disk wind spectrum observed in GRO J1655— 40 with Chan- 
dra. In the plot above, the best-fit phenomenological model is shown in blue. The model in red 
plots the natural line wavelengths, to illustrate that the observed absorption is blue-shifted. The 
errors shown are la statistical errors on the photon flux. To obtain this high resolution spec- 
trum, the Chandra High Energy Transmission Grating Spectrometer (HETGS) was used to dis- 
perse the X-ray flux onto the Advanced CCD Imaging Spectrometer (ACIS), which was operated 
in "continuous-clocking" mode. The data reduction and preparation was performed using the latest 
version of the standard Chandra packages ("CIAO"), and a procedure typical for this instrumental 
configuration 8 . The spectra presented in this work were produced by adding the first-order spectra 
from the HETGS medium energy grating (MEG) at a resolution of 0.005 A per bin, and the first- 
order spectra from the high energy grating (HEG) at a resolution of 0.0025 A per bin. The HEG 
spectrum was used to characterize the 1-11 A band, and the MEG spectrum was used to charac- 
terize the 1 1-1 9A band. The continuum emission was characterized using the HEG spectrum. All 
spectral fits were made using the ISIS 9 spectral fitting package. 

Figure 2. Comparison of the best model for the disk wind in GRO J 1655— 40 to the data. The 
plot above shows the ratio of the absorption line equivalent widths measured in GRO J 1655— 40, 
to the equivalent widths predicted by the photoizonization model which best describes the disk 
wind. The model assumes an internal velocity widths of 300 km/s. Revised solar abundances 17 
are adequate to describe the elements between Na and K (inclusive). Abundances of twice the 
revised solar value are required to describe the lines observed rom other elements. The full spec- 
trum of GRO J 1655— 40 and the measured properties of the absorption lines are detailed in the 
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Supplemental Information. 
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